Introduction
============

Alzheimer\'s disease (AD) is a neurodegenerative disorder with major clinical manifestations of dementia, memory impairment and language deficits ([@b1-etm-0-0-8760]). The incidence of AD is increasing with an ageing population worldwide, where it has become the 4th major life-threatening disease in the elderly, after heart disease, cancer and stroke ([@b2-etm-0-0-8760]). By 2040, the total number of patients with AD is expected to reach 80 million worldwide ([@b2-etm-0-0-8760]). However, effective treatment modalities for the management of this disease are currently limited.

The pathological mechanisms of AD are complex and are not fully understood. Previous studies have reported that the primary pathology of AD involves the excessive deposition of amyloid plaques, particularly those of amyloid β-peptide (Aβ), throughout the frontal and temporal cortices and the hippocampus ([@b3-etm-0-0-8760]). Additionally, neurofibrillary tangles and selective neuronal loss due to the accumulation of Aβ contribute to the onset of dementia in patients with AD ([@b4-etm-0-0-8760]). It has also been revealed that Aβ generation is associated with the activation of glia cells ([@b5-etm-0-0-8760]) and contributes to the release of inflammatory cytokines.

Saikosaponin is a triterpenoid glycoside extracted from *Bupleurum falcatum*, a herb that is used in traditional Chinese medicine ([@b6-etm-0-0-8760]). Based on its chemical structure, saikosaponin is classified into saikosaponin A (SSA), saikosaponin B (SSB), saikosaponin C (SSC) and saikosaponin D (SSD), of which SSD exhibits the strongest pharmacological activity ([@b7-etm-0-0-8760]). Previous studies have reported that SSD has sedative, anti-inflammatory, anti-fibrotic and immune-regulatory properties ([@b8-etm-0-0-8760],[@b9-etm-0-0-8760]). In terms of neurological disorders, SSD has been found to promote apoptosis and inhibit the growth of glioblastomas ([@b10-etm-0-0-8760]). In addition, SSD exhibit potential antidepressant properties via its ability to regulate inflammatory factors, enhance neurotrophic factor expression, increase neurotransmitter levels and downregulate the activity of the hypothalamic-pituitary-adrenal axis ([@b11-etm-0-0-8760]).

A previous study has demonstrated that SSC can suppress the release of Aβ and tau *in* human SH-SY5Y and H4 cells ([@b12-etm-0-0-8760]). Therefore, it was hypothesized that SSD can reduce Aβ deposition in the mouse brain, in turn alleviating memory impairment that is associated with AD. In the present study, the effect of SSD on the aforementioned factors were examined in a 3xTg mouse model. In addition, the therapeutic efficacy of SSD against cognitive deficits was evaluated in this mouse model, where the mechanism underlying its neuroprotective effects were investigated.

Materials and methods
=====================

### Animals and SSD treatment

In total, 30 3xTg mice (age, 9 months; weight, 30-35 g, 16 male and 14 female), which simulated the pathological features of AD and 15 wild-type (WT, age, 9 months; weight, 30-35 g, 8 male and 7 female) control mice were obtained from the Shanghai Research Center for Model Organisms (Shanghai, China). Animals were housed at room temperature (23±1˚C), 60-65% humidity-controlled, with 12 h light/dark cycles in specific-pathogen-free conditions and were allowed free access to food and water. All experiments were performed according to the Guidelines for Animal Experimentation issued by the Ministry of Science and Technology of China. All animal experiments were approved by the Ethics Committee for Animal Experimentation of the Wuhan Hospital of Traditional Chinese Medicine (approval no. SYXK-2018-0213; Wuhan, China).

Mice were randomly divided into three groups: i) Control (WT, n=15); ii) 3xTg mice with no treatment (3xTg, n=15); and iii) 3xTg mice with SSD treatment (3xTg + SSD, n=15). Based on the previously published pharmacodynamic and pharmacokinetic information regarding SSD ([@b13-etm-0-0-8760]), SSD (Nacalai Tesque, In.) was administered by gavage (10 mg/kg dissolved in 0.3% DMSO) twice a day for 28 days in the 3xTg + SSD group, whilst the WT and 3xTg groups were gavaged with vehicle (0.3% DMSO). Following the behavioral tests, the mice were euthanized by decapitation to collect brain tissues.

### Morris water maze (MWM) protocol

The MWM test is a widely applied method for testing memory and was conducted in a circular plastic pool with a height of 35 cm and a diameter of 100 cm filled with water and the temperature maintained at 23±1˚C. The surface of the water was set 1 cm above the platform, where the mice were placed in a random quadrant each time. The mice were trained to find the platform the day before the experiment, following which the time spent to find the platform was recorded consecutively for a period of 5 days, with the test performed three times per day. Each trial was ended after 60 sec or after the mice reached the platform and remained on it for 2 sec. On day 6, the platform was dismantled. The time taken by the mice to enter the quadrant in which the platform was located for the first time was recorded. All the data were analyzed using the SMART-CS 3.0 (Panlab) program. A quiet environment was maintained throughout the duration of the experiment.

### Y-maze protocol

At the end of the 28 day treatment, an elevated Y-maze test was used to evaluate spatial cognitive ability. The elevated Y-maze used was comprised of a three-arm horizontal maze (length, 40 cm; width, 3 cm; height, 12 cm) with an angle of 120˚ between the two arms. After acclimatization, animals were first placed at the center of the maze, where which arms the mice explored for a period of 7 min was manually recorded. Spontaneous entry into and alternations between the three different arms were defined and recorded as continuous selection. The number of arm entries was also recorded. Before each trial, the arms were thoroughly cleaned with clean water to remove any odors.

### Open field test (OFT) protocol

The OFT is a well-accepted assessment to evaluate anxiety, basic locomotor-activity and exploratory behavior in mice ([@b11-etm-0-0-8760]). At the end of the 28 day treatment, animals were placed at the center of a square arena (500x500 mm) at the beginning of the trial and were allowed to explore freely for 5 min. Locomotor activity was then recorded using a camera, following which the videos were analyzed using Noldus Ethovision XT 8.5 (Noldus Information Technology). The time spent by the mice at the center was recorded.

### Brain tissue collection and histopathology

At the end of the behavioral experiments, the mice were sacrificed by decapitation to collect brain tissue. Half of the brain tissue was used for biochemical detection, whilst the other half was used for histological analysis. The intact brain tissue was quickly removed, where the bilateral hippocampus was separated on ice and stored at -80˚C until biochemical assays were performed.

The collected brain tissue was fixed in 4% paraformaldehyde at 4˚C overnight and preserved in 20 and 30% sucrose solution at 4˚C. The thickness of the brain slices was 35 µm. For the quantification of the staining, 5-6 sections with the same interval (70 µm) from each animal were analyzed. Aβ plaques were characterized by staining the sections with 0.1% thioflavin-S (Sigma-Adrich; Merck KGaA) in 50% ethanol for 10 min at room temperature, following which the sections were washed with ethanol three times. All stained sections were observed by laser scanning confocal microscopy (magnification, x200; A1+; Nikon Corporation). The number and intensity of the plaques were evaluated using the Image Pro Plus 6.0 Software (Media Cybernetics, Inc.). Hematoxylin and eosin (HE) staining performed at room temperature was used to evaluate neuronal cell morphology and images were taken under a light microscope (magnification, x100; CX43; Olympus Corporation).

### TUNEL assay

Apoptosis was examined by performing TUNEL assays using the *in situ* Cell Death Detection kit (Roche Diagnostics GmbH), according to the manufacturer\'s protocols. 35 µm cryosections of hippocampus were fixed in 4% paraformaldehyde at room temperature for 1 h, treated with 0.1% NaBH~4~ and 0.1% Triton X-100 at room temperature for 1 h, and incubated at room temperature for 1 h with deoxynucleotidyl transferase and FITC-dUDP (Roche Diagnostics). The slides were then incubated in the dark with DAPI (Vector Laboratories, Inc.) for 15 min at room temperature. A total of 4-6 fields of vision were randomly selected under the microscope when each section was observed (magnification, x200) using a fluorescence microscope (Olympus Corporation) and the nuclei were visualized by aid of DAPI staining.

### Immunofluorescence

Brain sections (35 µm) were blocked in 0.1M PBS containing 0.3% (v/v) Triton X-100 and 3% (v/v) normal goat serum (Gibco; Thermo Fisher Scientific, Inc.) at room temperature for 1 h, and incubated with primary antibodies against neuronal nucleoprotein (NeuN; rabbit; 1:100; cat. no. ab104225; Abcam) at room temperature for 2 h, followed by an overnight incubation at 4˚C. The next day, the sections were stained with Cy3-conjugated secondary antibodies (anti-rabbit Alexa488 conjugated secondary antibody; Sigma-Aldrich; Merck KGaA ; 1:200) for 1 h at room temperature and the sections were examined using laser scanning confocal microscopy (A1+; Nikon Corporation) with magnification, x200. Samples were analyzed using the same exposure time of 10 ms in the region of interest module. Normalized fluorescence intensity was calculated for analysis using ImageJ v2.1.4.7 software (National Institutes of Health).

### Western blotting

After the hippocampus was weighed and homogenized in RIPA buffer (Beyotime Institute of Biotechnology), protein concentration were determined using a bicinchoninic acid protein assay kit (Beyotime Institute of Biotechnology). Protein samples (40 µg) were separated using 15% SDS-PAGE and transferred onto PVDF membranes (EMD Millipore). After blocking with 3% skimmed milk at room temperature for 1 h, the membranes were incubated overnight at 4˚C with primary antibodies (Cell Signaling Technology, Inc.) against cleaved caspase 3 (rabbit; 1:1,000; cat. no. 9661), caspase 3 (rabbit 1:1,000; cat. no. 9662), interleukin (IL)-1β (rabbit; 1:1,000; cat. no. 12703), tumor necrosis factor (TNF)-α (rabbit; 1:1,000; cat. no. 11948), inhibitor of NF-κBα (IκBα; mouse 1:1,000; cat. no. 9242), NF-κB p65 (rabbit; 1:1,000; cat. no. 8242), β-actin (1:10,000; cat. no, AS014; AbSci), NeuN (cat. no. MAB377; mouse; 1:300; Chemicon International), GFAP (mouse cat. no. Z033410,1:500; DAKO), and Iba1 (rabbit; cat. no. MABN92; 1:300; EMD Millipore). The following day, membranes were incubated with horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody (1:20,000; CWBIO) or HRP-conjugated anti-mouse IgG (1:10,000; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. Proteins were detected using chemiluminescence reagents (GE Healthcare Life Sciences) and the band intensity was analyzed using Image Pro Plus 6.0 Software (Media Cybernetics).

### Statistical analysis

Data were analyzed using the GraphPad Prism 7 software (GraphPad Software, Inc.). All tests shall be repeated at least three times, and the data are presented as the mean ± SEM. Multiple groups were compared by one-way ANOVA followed by the Student-Newman-Keuls post hoc test. P\<0.05 was considered to indicate a statistically significant difference

Results
=======

### SSD treatment significantly improves memory deficits in 3xTg mice

To investigate whether SSD treatment could mitigate the memory impairments, a MWM, elevated Y-maze and OFT were performed. All tests were performed on 9-month-old 3xTg mice that had received SSD treatment for a period of 28 days. On the first day, mice were trained to find a platform. Subsequently, the test was performed three times a day for 5 days. The 3xTg + SSD mice exhibited shorter latencies for reaching the platform compared with those in the 3xTg mice ([Fig. 1A](#f1-etm-0-0-8760){ref-type="fig"}). In the MWM test, 3xTg mice demonstrated significant memory deficits compared with those in the WT group, as indicated by the decreased time spent in the target quadrant ([Fig. 1B](#f1-etm-0-0-8760){ref-type="fig"}) and increased probe latency ([Fig. 1C](#f1-etm-0-0-8760){ref-type="fig"}). SSD treatment significantly increased the time spent by the 3xTg mice in the target quadrant and reduced probe latencies ([Fig. 1B](#f1-etm-0-0-8760){ref-type="fig"} and [C](#f1-etm-0-0-8760){ref-type="fig"}).

In the elevated Y-maze, SSD treatment increased the spontaneous alternation rate of 3xTg mice ([Fig. 1D](#f1-etm-0-0-8760){ref-type="fig"}), whilst no significant differences were observed among the three groups in terms of the number of arm entries ([Fig. 1E](#f1-etm-0-0-8760){ref-type="fig"}).

In the OFT, 3xTg mice that received SSD treatment exhibited less anxious behavior compared with that in the 3xTg mice, which spent less time at the center of the arena ([Fig. 1F](#f1-etm-0-0-8760){ref-type="fig"} and [G](#f1-etm-0-0-8760){ref-type="fig"}). Therefore, these results indicated that SSD treatment significantly improved the memory deficits of 3xTg mice.

### SSD treatment alleviates pathomorphological deterioration and neuronal apoptosis in the hippocampus of 3xTg mice

HE staining and immunofluorescence were performed to evaluate the changes in the pathological features of AD in the hippocampus of 3xTg mice after SSD treatment. In the WT group, Cornu Amonis 1 (CA1) neurons exhibited well-organized architecture, characterized by a normal shape and clear nuclei ([Fig. 2A](#f2-etm-0-0-8760){ref-type="fig"}). However, CA1 neurons in 3xTg mice had a pyramidal appearance and shrinkage of nuclei. In addition, it was demonstrated that SSD treatment could abrogate these pathological features ([Fig. 2A](#f2-etm-0-0-8760){ref-type="fig"}). Immunofluorescence ([Fig. 2B](#f2-etm-0-0-8760){ref-type="fig"}) and western blotting ([Fig. 2C](#f2-etm-0-0-8760){ref-type="fig"}) results revealed significantly increased NeuN-positive cells and NeuN expression in the 3xTg + SSD group compared with those in the 3xTg group, indicating increased numbers of neurons in the CA1 region after SSD treatment.

As neuronal apoptosis is a typical feature of AD that is associated with memory dysfunction ([@b14-etm-0-0-8760]), the effects of SSD on neuronal cell apoptosis were examined in the hippocampus using TUNEL staining. It was found that 3xTg mice exhibited severe apoptosis compared with the WT mice, whilst 3xTg + SSD mice exhibited markedly reduced TUNEL-positive cells in the CA1 neurons of the hippocampus compared with those in the 3xTg mice ([Fig. 2D](#f2-etm-0-0-8760){ref-type="fig"}). Collectively, it was suggested that SSD may have a neuroprotective effect in the hippocampal CA1 area of 3xTg mice.

### SSD treatment reduces Aβ plaque deposition in the brain tissue of 3xTg mice

Since Aβ accumulation in the cortex is one of the pathological characteristics of AD ([@b3-etm-0-0-8760]), thioflavin-S staining was used to evaluate the effect of SSD administration on Aβ accumulation. It was identified that 3xTg mice exhibited significantly increased levels of Aβ plaque deposition compared with those in the WT mice ([Fig. 3](#f3-etm-0-0-8760){ref-type="fig"}). After SSD treatment, a significant reduction in the number ([Fig. 3B](#f3-etm-0-0-8760){ref-type="fig"}) and intensity ([Fig. 3C](#f3-etm-0-0-8760){ref-type="fig"}) of Aβ plaques was found in the 3xTg + SSD group compared with those in the 3xTg group, suggesting a potential inhibitory effect of SSD on Aβ deposition.

### SSD inhibits the activation of microglia and astrocytes in the hippocampus

It has been previously reported that the activation of glial cells in the hippocampus is a characteristic feature of AD ([@b3-etm-0-0-8760]). Therefore, the present study investigated the activation of microglia and astrocytes by immunohistochemical staining. The number of ionized calcium binding adaptor molecule 1 (Iba1)-positive cells (microglia) and glial fibrillary acidic protein (GFAP)-positive cells (astrocytes) was revealed to be increased in the hippocampus of 3xTg mice, whilst SSD treatment significantly reduced the activation of glia cells ([Fig. 4A](#f4-etm-0-0-8760){ref-type="fig"} and [C](#f4-etm-0-0-8760){ref-type="fig"}).

To assess these results, the expression levels of Iba1 and GFAP were measured by western blotting. The results were consistent with the immunohistochemical staining and demonstrated a significant decrease in Iba1 ([Fig. 4B](#f4-etm-0-0-8760){ref-type="fig"}) and GFAP ([Fig. 4D](#f4-etm-0-0-8760){ref-type="fig"}) expression in 3xTg + SSD mice compared with those in 3xTg mice. Therefore, the results suggested that SSD treatment suppressed glial cell activation in 3xTg mice.

### SSD exerts anti-neuroinflammatory and anti-apoptotic effects in 3xTg mice

As the activation of glial cells can produce inflammatory cytokines and contribute to neuronal apoptosis ([@b3-etm-0-0-8760]), western blotting was performed to assess the expression of proteins associated with inflammatory cytokines. It was found that 3xTg + SSD mice exhibited significant reductions in the expression of cleaved caspase 3 compared with that in that 3xTg mice, indicating the decline of apoptosis in the hippocampus following SSD treatment ([Fig. 5A](#f5-etm-0-0-8760){ref-type="fig"}). In addition, 3xTg mice had significantly higher hippocampal expression levels of IL-1β and TNF-α compared with those in the WT mice. SSD treatment reduced the expression levels of these inflammatory cytokines, suggesting that SSD can mediate anti-inflammatory effects.

The NF-κB signaling pathway controls the transcription of a number of genes associated with inflammation and defects in NF-κB can lead to an increase in the susceptibility to apoptosis ([@b15-etm-0-0-8760]). The present study therefore assessed if these anti-inflammatory and anti-apoptosis effects of SSD occurred via the inhibition of the NF-κB p65 signaling pathway. In the hippocampus of 3xTg mice, the expression levels of IĸBα and NF-κB p65 were found to be increased, but this effect was significantly suppressed by SSD treatment ([Fig. 5B](#f5-etm-0-0-8760){ref-type="fig"}). Collectively, these results suggested that SSD-mediated anti-neuroinflammatory and anti-apoptotic protection may be associated with suppression of the NF-κB signaling pathway.

Discussion
==========

To the best of our knowledge, the present study was the first to report the effects of SSD on memory impairment and pathological characteristics of AD in 3xTg mice. The effects of SSD on memory impairment, Aβ plaque deposition and hippocampal neuroinflammation were investigated in a transgenic mouse model of AD. In addition, it was demonstrated that SSD has anti-amyloidogenic properties and anti-neuroinflammatory effects, in turn improving neuronal survival and memory deficits and preventing neuronal apoptosis in 3xTg mice via suppression of the NF-κB signaling pathway.

AD is a neurodegenerative disease that usually occurs in the elderly, where memory impairment is an early symptom of AD, followed by cognitive impairments and a decline in social competence ([@b16-etm-0-0-8760]). Patients with AD may also eventually lose language ability and are not able to live independently ([@b17-etm-0-0-8760]). In recent years, 3xTg mice have been used to study AD, since they share similar clinicopathological characteristics with patients with AD, including memory impairments, early-onset brain amyloidosis, neuronal apoptosis and permanent loss of neurons ([@b18-etm-0-0-8760],[@b19-etm-0-0-8760]). Therefore, the present study used the 3xTg mouse model to evaluate the ability of SSD in alleviating these clinicopathological characteristics.

Spatial learning and memory deficits are two typical features of patients with AD and mouse models of AD ([@b20-etm-0-0-8760]). In the present study, in the MWM test, 3xTg mice exhibited impaired learning and memory behavior. SSD treatment of these mice significantly reduced the escape latency and increased the time spent in the target quadrant, while decreasing the probe latency in the probe test. It was found that SSD treatment also increased the spontaneous alternation rate of 3xTg mice in the Y-maze. Therefore, it was speculated that SSD treatment was able to reduce the severity of the memory impairments in 3xTg mice. Clinically, \~70% patients with AD experience symptoms of anxiety ([@b21-etm-0-0-8760]). Results from the present study suggested that 3xTg mice treated with SSD were less anxious compared with 3xTg mice during the OFT, suggesting that SSD may also be able to ameliorate symptoms of anxiety.

Previous studies have reported that morphologic changes to neurons in the hippocampus contribute to the progression of AD, inducing impairments in learning and memory ([@b19-etm-0-0-8760],[@b20-etm-0-0-8760]). A previous assessment of the clinical relevance of the model revealed that the 3xTg mice have characteristics of damaged neuronal structures, decreased fibre density and synaptic dysfunction in the hippocampus, similar to the AD pathology in humans ([@b22-etm-0-0-8760]). In the present study HE staining was performed, where it was identified that the CA1 neurons of 3xTg mice exhibited a pyramidal appearance and shrunken nuclei, but SSD treatment reversed these changes to features comparable to that of WT CA1 neurons. Additionally, increases in NeuN-positive cells and the lower TUNEL signal density suggested reduced neuronal loss and lower rates of apoptosis in the hippocampus of 3xTg mice after SSD treatment.

The formation of extracellular diffuse and fibrillar amyloid plaques, which consist of the Aβ peptide, is one of the hallmark pathologies of AD. The severity of AD has been previously found to be positively correlated with Aβ plaque accumulation in patients with AD ([@b23-etm-0-0-8760],[@b24-etm-0-0-8760]). Targeting the aggregation of Aβ have been shown to be a promising therapeutic approach in treating AD ([@b25-etm-0-0-8760]). Although Lee *et al* ([@b12-etm-0-0-8760]) have also reported that SSC significantly suppresses the release of Aβ peptides in cell culture supernatants, whether SSD can suppress Aβ deposition *in vivo* is not fully understood. In the present study, 3xTg mouse brain sections stained with thioflavin-S exhibited an increase in Aβ plaque number and signal intensity compare with those from WT mice. In addition, treatment of 3xTg mice with SSD significantly reduced Aβ plaque deposition, suggesting that SSD can suppress Aβ plaque deposition *in vivo* in 3xTg mice. Glial cell activation is one of the pathological manifestations of AD ([@b26-etm-0-0-8760]). It has been suggested that the activation of glial cells may contribute to Aβ release ([@b27-etm-0-0-8760]), resulting in neuronal dysfunction and neuroinflammation, leading to the progression of AD ([@b28-etm-0-0-8760]). Immunohistochemistry staining results in the present study demonstrated that the increased Iba1 and GFAP expression in the hippocampus of 3xTg mice was reversed by SSD treatment, suggesting that microglia and astrocyte activation was reduced.

Neuroinflammation and apoptosis are two well-established processes that contribute to the production of Aβ and neuronal loss in AD ([@b29-etm-0-0-8760],[@b30-etm-0-0-8760]). ILs, including IL-1β and TNF-α, strongly influence inflammatory responses ([@b31-etm-0-0-8760]). Li *et al* ([@b32-etm-0-0-8760]) previously revealed that SSA suppresses the concentrations of IL-1β and TNF-α in Aβ-treated C57BL/6 mice. In line with these findings, the present results suggested that the increases in the expression of IL-1β and TNF-α in the hippocampus of 3xTg mice were inhibited by SSD treatment. Apoptosis serves a central role in the pathogenesis of AD ([@b33-etm-0-0-8760]). It was demonstrated that caspase 3 cleavage, a key process in the activation of apoptosis, was reduced after SSD treatment in 3xTg mice. Therefore, it was speculated SSD may be an effective treatment strategy against neuroinflammation and apoptosis.

The activation of the NF-κB signaling pathway may regulate the release of inflammatory cytokines and apoptosis, which serves a critical role in AD ([@b34-etm-0-0-8760]). Post-mortem studies have reported an increased expression and activation of NF-κB in the brains of patients with AD, particularly in regions commonly affected by AD including the hippocampus, enterorhinal cortex, amygdala and different areas of neocortex ([@b35-etm-0-0-8760]). In the cytoplasm, the p65/p50 complex appears the most abundant, where the inhibitory effect of IκB on NF-κB is exerted primarily via its interaction with p65 ([@b36-etm-0-0-8760],[@b37-etm-0-0-8760]). NF-κB normally regulates the expression of anti-apoptotic proteins such as the B-cell lymphoma-extra-large protein ([@b38-etm-0-0-8760]). However, overexpression of NF-κB may induce pro-apoptotic protein expression, which ultimately results in programmed cell death ([@b38-etm-0-0-8760]). In addition, it has previously been revealed that NF-κB can upregulate apoptosis and inflammation in AD ([@b39-etm-0-0-8760]). NF-κB activation following Aβ treatment has been identified in glia cultures, resulting in the increased expression levels of IL-1β and IL-6([@b40-etm-0-0-8760]). Therefore, it was speculated that the underlying mechanism through which SSD improves the symptoms of AD may involve downregulation of the NF-κB signaling pathway.

In the present study, concomitant with NF-κB activation, IκBα was also upregulated in the hippocampus of 3xTg mice, consistent with the D-galactose-induced rat AD model ([@b41-etm-0-0-8760]), which was suppressed by treatment with SSD. However, the underlying mechanism remains elusive. It was speculated that both NF-κB and IκBα may serve as SSD targets for inhibiting the symptoms in 3xTg mice. The present results indicated that SSD attenuated the increase expression levels of IκBα and NF-κB in 3xTg mice. These results were in line with previous studies, which revealed that guggulsterone exerted anti-inflammatory effects by blocking the IκBα/NF-κB signaling pathway ([@b42-etm-0-0-8760]). This indicates that SSD may confer anti-neuroinflammatory and anti-apoptotic effects via the suppression of the NF-κB p65 signaling pathway. Therefore, the present results may further the understanding of the functional target of SSD in its anti-neuroinflammatory properties.

In conclusion, SSD may improve memory impairments of 3xTg mice by reducing Aβ plaque deposition and glial cell activation in the hippocampus. The present study suggested that the neuroprotective effects of SSD involved the regulation of cell apoptosis and inflammation via inhibition of NF-κB activation. Therefore, the present study demonstrated the promising potential of SSD in the management of AD and identified the potential underlying mechanism of action of its beneficial effects.
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![Therapeutic effects of SSD on memory impairment in 3xTg mice. (A-C) For the Morris water maze test, mice were trained to find the escape platform on the first day, following which the trial was performed three times a day for 5 days. (A) Escape latency and (B) quadrant time were recorded automatically. On the second to last day of training, the platform was removed and the (C) probe latency was recorded. (D and E) Elevated Y-Maze test. (D) 3xTg mice treated with SSD showed higher spontaneous alternation rates. (E) There was no significant difference among the groups in terms of number of arm entries. (F) 3xTg mice treated with SSD spent more time at the centre of the area in the open field test compared with that by untreated 3xTg mice. (G) Representative trail track in the open field test. One-way ANOVA was used for statistical analyses. Data are presented as the mean ± SEM. N=12 per group. ^\*\*^P\<0.01 vs. 3xTg and ^\#\#^P\<0.01 vs. WT. WT, wild-type; SSD, Saikosaponin D.](etm-20-02-1082-g00){#f1-etm-0-0-8760}

![Protective effect of SSD on hippocampal neurons in 3xTg mice. (A) Hematoxylin-eosin staining. Scale bar, 50 µm. (B) Immunofluorescence results of NeuN staining, showing changes in the morphology of neurons in the CA1 area of the hippocampus. SSD treatment increased the number of NeuN-positive cells in CA1. Scale bar, 100 µm. (C) NeuN protein expression was examined by western blotting. (D) TUNEL immunofluorescence staining (green) indicated the rate of apoptosis in CA1, whilst DAPI staining (blue) was used as a counterstain to identify the nuclei. Scale bar, 50 µm. One-way ANOVAs were used for statistical analyses. Data are presented as the mean ± SEM. N=10 per group. ^\*\*^P\<0.01 vs. 3xTg and ^\#\#^P\<0.01 vs. WT. NeuN, neuronal nucleoprotein; WT, wild-type; SSD, Saikosaponin D.](etm-20-02-1082-g01){#f2-etm-0-0-8760}

![SSD treatment abrogates Aβ plaque deposition in brain tissues. (A) Thioflavin-S staining (green) indicated that Aβ plaque deposition was exacerbated in brain tissues of 3xTg mice. Scale bar, 500 µm. SSD treatment significantly reduced the (B) number and (C) intensity of Aβ plaques. One-way ANOVAs were used for statistical analyses. Data are presented as the mean ± SEM. N=10 per group. ^\*\*^P\<0.01 vs. 3xTg. ^\#\#\#^P\<0.001 vs. WT. WT, wild-type; SSD, Saikosaponin D; Aβ, amyloid β.](etm-20-02-1082-g02){#f3-etm-0-0-8760}

![Effects of SSD treatment on the activation of hippocampal glial cells. The effect of SSD on inhibited activation of microglia and astrocyte cells was measured by immunohistochemical analysis. Iba1 (A) immunohistochemistry and (B) western blotting results indicated a decrease in microglia activation in the hippocampus of 3xTg mice after SSD treatment. Sections from 3xTG mice incubated with anti-GFAP exhibiting (C) reduced cell staining and (D) lower GFAP expression in the hippocampus after treatment with SSD. One-way ANOVAs were used for statistical analyses. Data are presented as the mean ± SEM. N=10 per group. ^\*\*^P\<0.01 vs. 3xTg and ^\#\#\#^P\<0.001 vs. WT. Iba1, Ionised calcium-binding adapter molecule 1; GFAP, glial fibrillary acidic protein; WT, wild-type; SSD, Saikosaponin D.](etm-20-02-1082-g03){#f4-etm-0-0-8760}

![Effects of SSD on the inflammation and apoptosis of hippocampus of 3xTg mice. Anti-β-actin or histone antibody was used for normalization in the western blot analysis. (A) Expression levels of cleaved caspase 3, IL-1β and TNF-α were significantly decreased in 3xTg + SSD group compared with those in the untreated 3xTG group. (B) Expression levels of IκBα and NF-κB p65, protein components of the NF-κB signaling pathway, were decreased in the hippocampus following SSD treatment. The intensity of bands was quantified by densitometric analysis. Data are presented as the mean ± SEM. N=10 per group. ^\*\*^P\<0.01 and ^\*\*\*^P\<0.001 vs. 3xTG. ^\#\#\#^P\<0.001 vs. WT. IκBα, inhibitor of NF-κB; IL-1β, Interleukin-1β; TNF-α, Tumor Necrosis Factor-α; WT, wild-type; SSD, Saikosaponin D.](etm-20-02-1082-g04){#f5-etm-0-0-8760}
